Abstract
Introduction
In assessing metal contamination impacts upon river bed sediments, a clear relationship has not been proven between total metal concentration and its potential impact on the biota. Many studies demonstrate that metal sulfide formation and association with iron (Fe), manganese (Mn) oxides, hydroxides, and organic compounds regulate the bioavailability and toxicity of metals in river sediments (ICMM, 2007) .Potential metal bioavailability in river bed sediments may be assessed by a method known as AVS-SEM (Acid Volatile Sulfides / Simultaneously Extracted Metals), which is based on the fact that some bivalent metal cations (Cd, Cu, Ni, Pb, Zn) are little soluble and therefore precipitate-as secondary metal sulfide, according to the following reaction (1) (ICMM, 2007) :
Concentration of sulfides in sediments may be measured by adding chloric acid, which volatilizes sulfide according to the following reaction (2) (GOLDER, 2007): 2HCl ( 
The volatilized sulfides are named AVS. The bivalent metals (Cd, Cu, Ni, Pb e Zn) extracted by the acid, represented in the reaction (2) as Me 2+ (aq) , are named SEM. SEM includes metals other than those associated to sulfide, for example, metals associated to organic matter and oxides.
Many studies demonstrate that sediments are not toxic to aquatic organisms when the concentration of AVS exceeds the molar sum of SEM (Ditoro et al., 1990 (Ditoro et al., , 1991 (Ditoro et al., , 2000 referenced by USEPA, 2005; Allen et al, 1993 referenced by Golder, 2007 Ankley et al, 1996 , Pesch et al. 1995 e Hansen et al, 1996 referenced by ICMM, 2007 . Therefore, sediments are non-toxic when ΣSEM -AVS = 0. When assessing the toxicity of a specific metal, its competition with other metals that bind with sulfides and their solubility must be considered. From less soluble to more soluble: LogK Cu < LogK Pb < LogK Cd < LogK Zn < LogK Ni . Therefore, AVS will preferably associate with copper (Cu), if present in the environment. In case of AVS excess, after association with all copper (Cu), other metals will associate according to their solubility constant. (ICMM, 2007) SEM excess does not necessarily mean that metals are toxic to biota. Other mechanisms for attenuating toxicity may be present, for example, sorption to organic matter (TOC). From empiric data, the following toxicity thresholds were established, as a function of excess SEM normalized by TOC (Ditoro et al., 1991 (Ditoro et al., , 2000 
Materials and Methods
The sediments samples were collected from the bed of both the São Francisco River and its tributary Consciencia Creek, at the sites described below ( 
Bulk metals
Samples were prepared according to the Standard 3050B Method (Apha, 2005; USEPA, 1996) , which consists of multi-acid digestion (HNO 3 , HCl and H 2 O 2 ). This procedure is also recommended by CONAMA (2009).
The metals zinc (Zn), cadmium (Cd), copper (Cu), lead (Pb) and nickel (Ni) were quantified by ICP-OES (inductively coupled plasma optical emission spectrometer), model Optima 5300DV/ Perking Elmer, according to the Standard Methods 3030 and 3120 (APHA, 2005) . Quality control consisted of standard samples analyses. Results were accepted when recovery rates from standard samples analyses ranged between 80 and 100%.
AVS-SEM assays
Samples were submitted to the procedures established by USEPA (1991) , in order to quantify acid volatile sulfides (AVS) and simultaneously extracted metals (SEM). Sediments (2g) were weighed and placed into reaction flasks with 100mL of deionized water, then submitted to agitation and to a N 2 flow. Next 20mL of HCL (6M) were added using a syringe. The volatilized sulfides (H 2 S) were purged from reaction flask by N 2 and trapped into a receptor flask with a NaOH solution. The solution which corresponds to SEM was filtered through a 0.45μm membrane and submitted for determination of the metals (Cu, Cd, Pb, Ni, Zn), according to the Number 3030 and 3120 Standard Methods for the Determination of Water and Wastewater -SMEWW (APHA, 2005) . For the sulfide determination, the colorimetric method with methylene blue was used: SMEWW 4500S2-D. Total organic carbon was analyzed in a Shimadzu's TOC, according to SMEWW 5530C.
The molar sum of the simultaneously extracted metals (SEM) was subtracted from the molar concentration of acid volatile sulfides (AVS). When the calculations (ΣSEM-AVS) resulted in positive numbers, the results were normalized for total organic carbon (f TOC ) and compared to the constraints described in USEPA (2005) . These constraints were derived from acute toxicity experiments conducted by DiToro (1990 DiToro ( , 1991 DiToro ( and 2000 , by compiling toxicity data from literature and establishing two uncertainty bounds that correspond to the concentration range where it is 90% certain that sediments may either be toxic or non-toxic (USEPA, 2005) .
Results

Bulk metals
Contamination or bulk metals were compared to Brazilian legislation -CONAMA (2004) which adopted guidelines from the Canadian Council of Ministers of the Environment -CCME: Level 1 corresponds to TEL (threshold effect level), Level 2 corresponds to PEL (probable effect level) (CCME, 1999) .
The RPD's (Relative Percentage Difference) analyses are presented in Table 1 . The duplicates of P3 and P4 varied little (<+-20%) for most metals if compared to its original analysis, except zinc (Zn) in P3 (53%) and nickel (Ni) in P4 (40%). The P2 duplicate, however, varied more than 20% for most metals (up to 126%) because it was another sample from the same location and not the same sample divided into two, reflecting variability between samplings.
According to CHAPMAN and AN-DERSON (2005) , river bed sediments are a complex matrix in which contaminant concentrations frequently oscillate. Therefore, the analytical results were considered valid for all sediments samples.
The results for bulk metals are plotted in Figure 2 (a,b) . For a better visualization, the results were normalized according to CONAMA (2004) Levels 1 and 2. Standard sample recovery rates varied between 80 and 100%, assuring quality control.
For sampling the sediments, a 4.5L Van Veen dredge (opened dredge reaches an area of approximately 300cm 2 ) was used. Approximately 20kg of sediments were sampled in each location. The material was homogenized, divided into smaller samples and stored under refrigeration.
Duplicate samples were collected in order to guarantee adequate quality control (QA/QC) for sampling and analysis methods. Samples P3 and P4 were homogenized and divided into two samples (duplicates) as a quality control for chemical analysis and ecotoxicity assays. P2 was sampled twice, i.e. technically the two are not the same sample, but they were named P2 and P2 duplicate and were used as a quality control for the sampling procedure. Duplicate results were analyzed according to the methodology proposed by USEPA (1995) using the RPD (Relative Percentage Difference) index, which should be below 20% so that the QA/QC is considered adequate. Sediment samples were not ground, because the aim was to assess bioavailability rather than total metal content and therefore, the difference between the duplicates may be more than 20%. A higher difference is expected between P2 and P2 duplicate because they are not the same sample. Table 1 Analysis of Relative Percentage Difference -RPD -for bulk metals concentration in duplicate samples (P2, P3 and P4 -see Figure 1 for location) (October, 2008) Metal concentrations in the reference sample (P1) were below Level 2 and 1 (CONAMA, 2004) , i.e. the sample was not contaminated. On the other hand, the samples P2, P4, P5, P7 and P6 resulted in zinc and cadmium concentrations above Level 2. The samples P2, P7 and P6 also contained lead above Level 2 (CONAMA, 2004) . The sample P3 was above Level 1, but not above Level 2.
An isolated analysis of bulk metal concentration led to the preliminary conclusion that most of sediment samples contained metal concentrations above the threshold in which adverse biological effects are probably observed, more frequently presenting the metals zinc (Zn) and cadmium (Cd), except for samples P1 and P3. However, these results must be jointly analyzed with information on bioavailability to support a more realistic conclusion on the geochemical behavior of sediments and the consequent impact on aquatic life.
AVS-SEM
The RPD (Relative Percentage Difference) analyses are presented in Table 2 . The duplicate of P4 varied little (<20%) for most metals if compared to its original analysis. Duplicate of P2 varied up to 41%, less than in the bulk metal analysis by the 3050B method. P3, on the other hand, varied 118% for the metal zinc (Zn) and the reason was not determined. Some of it could be attributed to the fact that the sample was not ground, but if so, this would also be reflected in the bulk metal analysis. The uncertainty intrinsic in the SEM-AVS method is a more probable explanation.
The results for SEM-AVS are presented in Table 3 . The reference sample P1 presented negative results; therefore, toxicity is not expected. The other samples presented positive results, which were TOC normalized and presented in Figure 3 , following the guidelines proposed by Ditoro et al (1990 Ditoro et al ( , 1991 Ditoro et al ( and 2000 . The excess SEM of São Francisco River sediment samples consists essentially of zinc (Zn) and nickel (Ni), more soluble than lead (Pb), copper (Cu) and cadmium (Cd), which apparently are in the AVS form and consequently unavailable to the biota. The sample P7, from the Consciencia Creek, behaves differently. The AVS present is sufficient for linking copper (Cu) and part of the lead (Pb). The excess SEM of sample P7 consists of lead (Pb), cadmium (Cd), zinc (Zn) and nickel (Ni). Figure 1 for location) (October, 2008) Figure 1 for samples' location) (October, 2008) Figure 3 Excess of simultaneously extracted metals (ΣSEM-AVS) normalized by total organic carbon (TOC) in the samples collected from São Francisco River and tributary (see Figure 1 for samples' location)
Results of the AVS-SEM assays suggest that the adverse biological effects are not as certain as the bulk metal concentration results previously suggested. According to the SEM-AVS assays, most of the samples present partial metal concentration in the sulfide form, which is unavailable to the biota. Therefore, toxicity in most samples is uncertain, according to the guidelines proposed by Ditoro et al (1990 Ditoro et al ( , 1991 Ditoro et al ( and 2000 , except for samples P7, P6 and P5.
A definitive conclusion concerning the environmental impact from sediments has not yet been achieved.
Therefore, further studies are encouraged, such as eco-toxicity assays and benthonic community assessment. Conclusions may be more assertive when different results are jointly analyzed. The weight-of-evidence approach enables an overall analysis of many different results (Chapman and Anderson, 2005) .
Conclusion
Geochemical assays such as AVS-SEM are important for assessing the potential bioavailability of metals in river bed sediments, rather than simply analyzing bulk metal concentrations. However, further studies should be developed and jointly analyzed before taking any decisions concerning remediate actions. Studies that directly measure contamination effects on biota are preferable (eco-toxicity assays and benthos studies).
Results associated with this article suggest that sediments from the Consciencia Creek are likely to cause adverse effects on the biota. As such, some way to solve the contaminant problem should be sought. Concerning the sediments from the São Francisco River, further studies should be developed in order to support any decision concerning contaminant remediation. The weight-of-evidence approach (Chapman and Andersson, 2005) is suggested to support the overall analysis of all available data. 
References
